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Abstract 
We evaluated the effects of fishway design and stream habitat on 
fish distribution and migrations within a 50 km section of the Enz 
River (108 km long, 16.7 m 3 • s -~ mean annual discharge), a second 
order tributary of the Rhine River. On 12 different occasions be- 
tween August 1994 and September 1995, we collected fish electri- 
cally upstream, downstream, and inside three different types of fish- 
passes: aconcrete channel (site I), an artificial stream (site II), and a 
step and pool fishway (site III). During electrofishing, species iden- 
tity and fish lengths were recorded separately for specific habitats 
or sections within the fishways, and traps were installed for 3-5 
week long periods at the upstream outlets of the fishways. More 
than 3550 fish >5 cm and approximately 5800 young-of-year indi- 
viduals of 28 species were captured. 772 fish marked by subcuta- 
neous injection of alcian blue dye were released ownstream oftwo 
fishways. Almost 1150 fish, including 5 marked individuals, were 
captured in the traps, providing direct evidence for migration 
through the fishway. The total number of species recorded e- 
creased ownstream from 21 at site I to 18 at site II, and 17 at site 
III. This shift in numbers and also in species composition between 
sites could be partially related to differences inthe available habitat. 
There were pronounced changes in the abundance of most of the 
dominant species downstream and upstream of the fishway at site 
III, and, to a lesser degree at sites I and II, indicating species (and 
size) specific differences inthe effectiveness of the three designs for 
fish passage. Furthermore, marked ifferences inrelative fish abun- 
dance between downstream locations and inside the fishway itself, 
and in the relative numerical composition of the trap catch at sites I
and II, clearly demonstrate that some species (Cottus gobio, Barbat- 
ula barbatula, Salmo trutta, Leuciscus cephalus) use these fishways 
as a habitat, whereas others (Phoxinus phoxinus, Gobio gobio) sim- 
ply migrate through. Only inside the artificial stream did we find 
early life stages of seven species, suggesting that passage of the 
other fishways is restricted to older fish. Our results demonstrate 
that fishway design is crucial in providing continuous fish passage 
for all species and life-stages, and that a nature-like fishway is the 
most functional solution. 
Introduction 
Over the last few hundred years, increasing numbers of 
weirs, gauge structures, dams, and other horizontal barriers 
have been constructed, thereby disturbing the typical nature 
of streams as longitudinal ecosystems. Many of the ecologi- 
cal consequences of barriers, such as thermal alterations 
(SPENCE & HYNES 1971), excessive sedimentation a d silta- 
tion (MOOG et al. 1993), reductions in the areal extent and 
duration of floodplain inundation (ZALUMI 1970), alter- 
ations in channel morphology (SIMONS 1979), shifts in the 
particle size of organic materials and in trophic relationships 
(WARD & STANFORD 1983), and fragmentation r complete 
loss of fish habitats (KIRCHHOFER 1995) are difficult to re- 
verse without immense costs. Because of the prevailing 
view of many politicians and administrators, that the con- 
struction of fish passages is the preferred solution to im- 
prove the river continuum, in southern Germany increasing 
numbers of fishways have been build within the past few 
years. Although it has been more frequently recognized that 
these structures must allow the migration of all aquatic biota 
and more 'natural' designs are often adopted, fishways may 
differ greatly in their structural characteristics. Furthermore, 
the effectiveness of fishpasses has rarely been assessed, 
particularly for nonsalmonid species (for exceptions ee 
BRUSCHECK 1953; SCHWALME et al, 1985; SCHMUTZ et al. 
1995). The aim of this study was to evaluate the effects of 
fishway design and stream habitat on fish distribution and 
migrations in the vicinity of three different ypes of fish- 
passes in a medium sized river in south-west Germany. Fur- 
thermore, we tried to relate fish community composition to 
possible barrier effects, habitat features, and the concept of 
river zonation. 
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Material and Methods 
Study sites 
This study was conducted on the Enz River, a second order tributary 
of the Rhine River (Enz - Neckar - Rhine), Germany (Fig. 1). There, 
the recent construction of two channel-type fishways of substantial- 
ly different design in addition to the existence of a classical step and 
pool fishway provided the opportunity for a comparative evaluation 
of three types of fishways on the same river. 
The Enz is a carbonate rich stream showing moderate levels of 
organic pollution over its entire 108 km length (German water quali- 
ty class II; LfU 1992). The Enz has a mean annual discharge of 
16.7 m 3 • s -~ (measuring weir at Pforzheim) and a basin area of 326 
km 2 at sampling site I (58 km upstream from the confluence with the 
Neckar River). Site II (near the town of Oberriexingen) and site III 
(at Besigheim) are located 29 km and 56 km, respectively, further 
downstream (Fig. 1). 
The fishways at site I and II are relatively long bypasses. The 
flshway at site I is a 75 m long and 2 m wide concrete channel filled 
with coarse gravel and regularly placed large boulders (Fig. 2). The 
downstream section (30 m length) has a 10% slope, the upstream 
section (45 m) is sloped at 2%. The upstream exit of the concrete 
channel lies more than 4 m above the river bottom and leads into an 
almost stagnant, 1 km long, impounded river section. The exit is 
split into two approximately 1-m wide openings by a central railing 
into which tightly fitting wooden beams are slid at different heights 
for the two openings (Fig. 3). On the one side, these beams leave a 
40 cm high submersed opening immediately above the channel bot- 
tom, and on the other side, the beams tart from the bottom up, leav- 
ing a surface opening of 20-30 cm height depending on overall 
water level. The fishway at site II is a 83 m long, 1.9-4.1 m wide ar- 
tificial stream, build with different sized (15-80 cm diameter) ocks 
and wooden beams partially covered by willow branches rooting in- 
side the flshway (Fig. 4). At site III the fishpass is a classical step 
and pool fishway with four concrete basins separated by wooden 
boards into which 10 x 10 cm wide openings are cut at opposite 
sides on the bottom and on the top. Other characteristic features of 
each fishpass are given in Table 1. Apart from the fishway itself, at 
each site, two (site III) to four (site I and II) 20-100 m long river sec- 
tions were identified as fish sampling locations, closely representing 
the complete range of fish (micro)habitats present at each site. Since 
the length of the impounded river sections upstream of each weir 
differed between sites, and comparable downstream habitats were 
sometimes difficult o find, for sites II and III, the upstream locations 
were identical to the first downstream location of site I and II, re- 
spectively. For site I, the upstream sampling location was almost 
3 km above the weir. To assess fish habitats on a smaller scale up- 
stream and downstream of the fishways and inside the artificial 
stream, distinct habitat ypes were characterized by the substrate, 
local current speeds and water depths. Inside the concrete bypass 
(site I), 37 consecutive 2-m sections were designated as sampling 
units, and for the classical fishpass, each chamber was considered a 
unit. Species and fish lengths were recorded separately for each spe- 
cific habitat type or sampling unit. 
Fish sampling 
On two (site III) and five (sites I and II) occasions between August 
1994 and September 1995, we collected fish with a 8 kW, 200-600 
V DC electroshocker (Fa. EFKO, Leutkirch, model FEG 8000). 
While fishing inside a fishpass, nets blocked both entrance and exit 
allowing quantitative estimates of fish densities. At the other loca- 
tions, species and location specific capture efficiencies were esti- 
mated by the electrofisher during each sampling, and at most sites 
efficiencies were once calculated from test fishings during which 
three repeated samplings were performed at a location. 
In addition to electrofishing, in April 1995 pond nets were used 
once in all three fishways when water levels were normal and during 
three other occasions at site I, when levels were much reduced be- 
cause of repairs to the power plant. On these three occasions 
(September 7 and 30, 1994; May 8, 1995), the movable weir was 
lowered to the point where river water level dropped below the exit 
of the bypass channel, causing the flshway to fall dry for 3-23 days. 
On September 30, 1994, the rubber gaskets of the weir were re- 
placed and two gravel and sand dams were built across the Enz River 
10 m upstream and 25 m downstream of the weir while the complete 
flow was diverted through the turbine canal and a spillway. Before 
Table 1. Characterization f the Enz River fishways at sites I-III. Height A = Height differential between downstream entrance and upstream 
exit. Ranges for water depths and current speeds at each fishway are from 20-150 measurements taken with a 'Mini-Water 2' meter (Fa. 
Schiltknecht, Switzerland) at various levels of discharge. 
Parameter Site I Site II Site III 
Type Concrete channel Artificial stream Step and pool fishway 
Design Concrete lining filled with diverse; locally present 3 concrete basins, wooden 
coarse gravel and boulders natural materials dividers with 10xl0 cm slots 
Date build June 1992 December 1994 July 1980 
Length (m) 75 83 10 
Width (m) 2 2-4 1 
Water depth, range (m) 0.2-0.6 0.2-1.0 0.5-0.8 
Height A (m) 4.3 1.8 0.8 
Slope (%) 2-10 2-9 20 cm high steps 
Current speed, range (m- s -1) 0.2-1.3 0.1-2.1" 0.6-0.8 
Discharge, range (l '  s -1) 120-150 600-900 2040 
* Maximum current speed measured close to the downstream entrance 
speeds were reduced to 1.3 m • s ~. 
before it was remodelled on August 7, 1995. Thereafter, maximum 
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Fig. 1. Map of the Enz River showing the three sampling sites. Locations of fishways (FW) and power plants (11) are indicated. The length of 
the fishway at site III is not drawn to scale. 
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Fig. 2. Schematic drawing of the fishway at site I. The downstream 
section with 10% slope (A) and the first (B) and second (C) part of 
the upstream section with 2% slope are drawn separately. Large 
boulders firmly positioned inside the concrete channel are drawn to 
scale, smaller sediments have been omitted. Stippling indicates the 
section where sediments have been completely washed away. Flow 
direction is indicated by arrows. 
the water between the two dams was pumped out completely, we 
quantitatively collected the remaining fishes with nets, which had 
congregated in a depression of a 25 m long, 1.5-2 m deep concrete 
basin which sloped towards the base of the weir. On October 22, the 
dams were left to be washed away and water supply to the fishway 
was restored. 
As a third method of capturing fish, traps were installed for 3-5 
week long periods between late July and mid September 1995 at the 
upstream outlets of all three fishways. The trap for the concrete 
channel consisted of two specially designed aluminum frames (ap- 
proximate volume: 250 litres) each fitted precisely to cover one of 
the two openings of the fishway exit (Fig. 3). The trap screen con- 
sisted of 4 mm stainless teel wire, and funnels made out of 4 mm 
mesh netting were installed into the trap entrances. As a test of cap- 
ture efficiency, two individuals from each of the six most common 
fish species at site I were marked and placed into the two traps. After 
three days, no fish had escaped, and it was assumed that the traps 
would quantitatively catch fish migrating upstream. The commer- 
cially bought raps (Fa. Kappel's Fischereigerfite, D-87452 Altus- 
ried) used at site II (3-chambered hoop net, 75 cm diameter, 2 m long 
wings, 5 mm stretched mesh) and III (2-chambered hoop net, 50 cm 
diameter, 4 mm stretched mesh) either completely covered the up- 
stream exit of the concrete fishway, or were installed just inside the 
exit of the artificial stream, the wings leaving a minimal distance to 
the water surface to reduce the risk of clogging or damage. The 
hoop-net set inside the artificial stream was lost 5 days into the first 
trapping period. For the second period, a custom made box trap 
made of a stainless teel frame covered by 4 mm wire mesh and with 
wings to span the width of the fishway was installed. All traps were 
checked aily. 
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Fig. 3. Schematic drawing of the traps at the upstream exit of the fishway at site I. For better view of the wooden beams and the openings at the 
exit, the mesh funnels at the trap entrance and the first two boulders inside the fishway have been omitted. Flow direction is indicated by ar- 
rows. 
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Fig. 4. Schematic drawing of the fishway at site II. Willow branches locally covering the wooden shoreline armouring have been omitted. 
Flow direction is indicated by arrows. 
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All fish caught were identified to species and their length was es- 
timated visually to the nearest centimetre. All trapped fish, and ap- 
proximately 70% of the fish captured by electrofishing and with nets 
were transferred to 100 litres holding tanks in the field. After anaes- 
thetization with MS-222 (3-aminobenzoic a id ethyl ester; Sigma 
Chemical Co., U.S.A), fish total ength (_+ 0.1 cm) was obtained with 
measuring boards. Depending on the apparent health status and am- 
bient water and air temperatures, a variable portion of all fishes 
>5 cm was marked by subcutaneous injection of alcian blue dye (al- 
cian blue G 8 powder, Chroma Co., K6ngen; diluted 1:100 with 3% 
acetic acid), and was released after complete recovery, at different 
distances (maximally 300 m) downstream ofa fishway. This marking 
technique isknown to cause only negligible mortality and effectively 
marks even small fish for periods of over a year (HILL • CROSSMANN 
1987; BRDCUT 1993). We used small hypodermic needles (0.6 mm 
opening), which could be used more accurately and were less damag- 
ing to small fish than jet injection. Specific fin markings (e.g. left 
pectoral fin) were used to indicate the exact location and/or the date 
of release. Fish recapture during subsequent electrofishing or trap- 
ping periods was taken as direct evidence of upstream igration in- 
cluding some information on approximate distances covered and on 
the minimum time period spent at a particular site. 
Results 
Species distribution, abundance, 
and community composition 
A total of 3554 fish >5 cm from 28 species were captured by 
electrofishing or netting. Of these 28 species, 11 occurred at 
all three sites and 11 were captured at only one of the three 
sites. Brook trout (Salvelinus fontinalis), goldfish (Caras- 
sius auratus gibelio), rudd (Scardinius erythrophthalmus), 
and pikeperch (Stizostedion lucioperca) were represented 
by just a single specimen (Table 2). The total number  of 
species recorded decreased ownstream from 21 at site I to 
18 at site II, and 17 at site III (Table 2). These differences re- 
mained, if species for which only individual finds existed 
were excluded from the analysis. Communi ty  similarity, ex- 
pressed by SCrensen's Index (SI; SORENSEN 1948), showed a 
clear pattern of decreasing similarity with increasing dis- 
tance downstream. Whereas the SI values for the compari-  
son between sites I and II and between sites II and III were 
Table 2. List of fish species caught at three sites (including the fishways) on the Enz River between August 1994 and September 1995. Habi- 
tat preferences (HP) with regard to current and substrate conditions (L = Limnophilic, R = Rheophilic, I = Indifferent; modified after JUNG- 
W~RTU 1984) and relative abundances (•  = common, >5% of all fishes caught at a site; O = rare; E = individual find) are indicated. 
Species Common name Site I Site II Site III HP 
Lampetra pluneri (BLOCH) 
Anguilla anguilla (L.) 
Abramis brama (L.) 
Alburnoides bipunctatus (BLocH) 
AIburnus alburnus (L.) 
Barbus barbus (L.) 
Carassius auratus gibelio (BLOCH) 
Gobio gobio (L.) 
Leuciscus cephalus (L.) 
Leuciscus leuciscus (L.) 
Leuciscus ouffia agassizi (Rlsso) 
Phoxinus phoxinus (L.) 
Pseudorasbora parva (SCHLEGEL) 
Rutilus rutilus (L.) 
Scardinius erythrophthalmus (L.) 
Tinca tinca (L.) 
Barbatula barbatula (L.) 
Esox lucius (L.) 
Thymallus thymallus (L.) 
Salvelinus f ontinalis (MITCHELL) 
Salmo trutta (L.) 
Oncorhynchus mykiss (WALBAUM) 
Lepomis gibbosus (L.) 
Gymnocephalus cernuus (L.) 
Perca fluviatilis (L.) 
Stizostedion lucioperca (L.) 
Gasterosteus aculeatus (L.) 
Cottus gobio (L.) 
Brook lamprey O - - R 
Eel O O O I 
Bream O - - L 
Riffle minnow • O - R 
Bleak E O • I 
Barbel • • O R 
Goldfish - E - I 
Gudgeon • • • R 
Chub • • • R 
Dace O • • R 
Soufie O - - R 
Minnow • • - I 
Asiatic minnow E E - I 
Roach • • • I 
Rudd - - E L 
Tench O - - L 
Stone loach • • O R 
Pike - O O I 
Grayling • O - R 
Brook trout - - E R 
Brown trout • • © R 
Rainbow trout • - - I 
Bluegill - - O I 
Ruffe - - • I 
Eurasian perch E O • I 
Pikeperch - - E I 
3-spined-stickleback O O O I 
Bullhead • • - R 
Number of species (Total) 21 18 17 (128) 
Number of species excluding individual finds (Total) 18 16 14 (23) 
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Fig. 5. Number of fish species caught downstream (DS), within the 
fishway (FW), with traps at the upstream exit (Trap), and upstream 
(UPS) of three types of fishways on the Enz River between August 
1994 and September 1995. Species are categorized according to 
their habitat preferences with regard to current and substrate condi- 
tions: rheophilic, indifferent, and limnophilic (modified after JUNe- 
WIRTH 1984, see Table 2). 
80% and 71%, respectively, the SI for site I vs. site III was 
54%. 
When the different sampling locations and the abundance 
of fishes were considered in an analysis of species distribu- 
tion, some additional trends became obvious. Both absolute 
numbers and relative proportions of rheophilic species (see 
Table 2) caught at each location were lowest at site III, 
whereas the total number of species was always highest at 
site I (Fig. 5). For all three sites, the sheer number of species 
at locations downstream of the fishway was considerably 
higher than the number of species found inside the fishway 
(Fig. 5), and this difference persisted even when the species 
caught with traps were combined with those captured by 
electrofishing or net sampling. Also, the relative numerical 
abundance of species differed profoundly between sites and 
among locations within sites. Bullhead (Cottus gobio) and 
riffle minnow (Alburnoides bipunctatus), for example, were 
abundant at site I, occurred in smaller numbers at site II, and 
were absent at site III (Table 2, Fig. 6). A similar pattern of 
declining abundances downstream, although at much lower 
site III 
(step and 
pool) 
site II 
(artificial 
stream) 
• Gudgeon 
[] Stone loach 
[] Minnow 
[ ]  Barbel 
[] Roach 
[] Chub 
[] Bleak 
[] Bullhead 
[] Riffle minnow 
[] Brown trout 
[] Others 
site I 
(concrete 
channel) 
DS FW Trap 
8 ~228 
UoS 
Fig. 6. Percentage distribution by numbers of fish species caught downstream (DS), within the fishway (FW), with traps at its upstream exit 
(Trap), and upstream (UPS) of three types of fishways on the Enz River. Numbers beside the circles represent the total number of fish caught. 
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absolute numbers, existed for the grayling (Thymallus thy- 
mallus). In contrast, the bleak (Alburnus alburnus) showed 
almost he reverse pattern of strongly declining abundances 
upstream. This species, together with roach (Rutilus rutilus) 
and gudgeon (Gobio gobio), dominated the fish community 
downstream of the weir at site III, but was not found at site I 
(Fig. 6). 
Unlike the other two sites, at site II, species pecific abun- 
dances inside the fishway closely matched those from the 
sampling locations downstream, barbel (Barbus barbus) and 
stone loach (Barbatula barbatula) contributing over 65% 
and 75%, respectively, to the total number of fish caught 
(Fig. 6). However, stone loach were almost absent in the trap 
catches, whereas generally less abundant species like roach 
and European perch (Percafluviatilis) were found in relative 
high proportions (Fig. 6). This discrepancy between the 
abundance of species inside the fishway compared to their 
numerical presence in the trap catches was even more pro- 
nounced at site I. There, hundreds of gudgeon and European 
minnows (Phoxinus phoxinus) were caught with the traps, 
while both these latter species were very rarely caught inside 
the fishway (Fig. 6). In contrast, only a single bullhead and 
four brown trout, two of the most abundant species inside the 
fishway at site I, were caught with the traps (Fig. 6). 
More than 90% and 85%, respectively, of all the 121 bull- 
head and 21 stone loach caught inside the concrete channel 
where found over the first 18 m above the downstream en- 
trance, whereas over 85% of all chubs (Leuciscus cephalus) 
were caught above 22 m. Between metres 18-22, the gravel 
had been washed out of the fishway (Fig. 2), leaving a sec- 
tion of sheer concrete over which current speeds always ex- 
ceeded 1.2 m. s -1. Importantly, during the first electrofishing 
in the artificial stream, we found relatively dense aggrega- 
tions of different sized fish of several species immediately 
below the fishway entrance, but only relatively few and 
mainly larger fish inside the fishway. After subsequent 
changes in the placement of individual boulders within the 
fishway entrance, with the effect of substantially reducing 
maximum current speeds (Table 1) and increasing the vari- 
ance in profile velocities, fish species composition and den- 
sities were as reported below. 
Overall densities inside the concrete channel were 2.64 
fish/m 2below the washed-out section, 0.38 fish/m 2 in the 
10%-slope area above the wash-out, and 1.52 fish/m 2in the 
following section with a 2% gradient. In contrast, overall 
densities inside the artificial stream at site II (0.46 fish/m ~) 
were less than 1/3 of those inside the concrete channel. How- 
ever, the results from the electrofishings done after the im- 
proved rock placement at the fishway entrance indicated al- 
most no differences in the densities among different sections 
of the artificial stream. 
Distribution and fishway passage of 
young-of-year fish 
In addition to the subadult and adult individuals, approxi- 
mately 5800 young-of-year (YOY) fish from 11 species 
were caught by electrofishing or netsampling. More than 
4000 of the YOY fish were gudgeons (approximately 75%), 
riffle minnows (8%), stone loaches (6%), and barbels (4%), 
netted from the concrete basin below the weir and 40 m up- 
stream from the fishway entrance at site 1 on October 1, 
1994. Despite this abundance of YOY fish close to the fish- 
way entrance at site I, of the 386 fishes caught inside the con- 
crete channel, only five were YOY fish, three bullheads, one 
stone loach and one European minnow. All of these were 
captured ownstream of the washed-out section. 
Of the species caught in the step and pool fishway in late 
August at site III, no fish was smaller than 5 cm (Table 3). At 
the same time, YOY of barbel, gudgeon, chub (Leuciscus 
Table 3. Total ength (cm) of the smallest specimen captured ownstream ofthe fishway (DS), inside the fishway (FW), or inside the traps 
(Trap) for the more abundant fish species at three sites on the Enz River. Only sampling times between August and December are considered. 
Values without a decimal place are estimates. 
Species Site I Site II Site III 
DS Trap FW DS Trap FW DS Trap FW 
Salmo trutta 10.0 9.7 8.6 4.7 - 9.0 - - - 
Alburnoides bipunctatus 2.2 7.3 8.0 5.6 8.1 . . . .  
Barbus barbus 3.7 5.3" 4.9 2.5 8.2 3.6 2 8.5 6 
Gobio gobio 2.2 6.7 13.2 3.5 9.4 3.2 2 8.0 - 
Leuciscus eephalus 4.0 12.0 13.0 5.6 b 9.0 4.6 b 4 8.0 5 
Phoxinus phoxinus 3.0 5.3 7.1 3.0 - 3.2 - - - 
Rutilus rutilus 10.7 22.6 15.3 8.5 b 12.5 7.8 4 6.0 5 
Barbatula barbatula 3.7 6.2 4.1 4.4 9.1 5.1 3 - - 
Cottus gobio 4.7 9.7 5.1 6 8.2 4 - - - 
" = Single juvenile fish, next smallest specimen measured 22.0 cm; b 
sampling location. 
= in addition, larger numbers of (unmeasured) frywere present at the 
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cephalus), roach, dace (Leuciscus leuciscus), and bleak mea- 
suring 2-5 cm were abundant immediately downstream of 
the fishway. At site II in late August, a few hundred YOY 
chub and European minnow were found mainly among the 
rooted willow branches at the only deeper "pool" area, ap- 
proximately two thirds up the length of the artificial stream. 
Other species for which YOY fish were caught both inside 
the artificial stream as well as downstream of this fishway, 
included - in descending order of abundance - barbel, gud- 
geon, roach, bullhead, and dace. Only YOY of two species, 
riffle minnow and bleak, were never found inside the fish- 
way, although more than 20 YOY of each species were 
caught immediately downstream of the artificial stream on at 
least two occasions. No YOY fish were captured with any of 
the traps (see below). 
Evidence for fishway passage from trapped 
and marked individuals 
A total of 1139 fish were captured with traps: 848 at site I, 83 
at site II, and 208 at site III. Barbel, gudgeon, chub, roach, 
and eel (Anguilla anguilla) were the only fish caught in all 
types of traps (Fig. 6), indicating that these species uccess- 
fully ascended all three fishways. In addition, bullhead, riffle 
minnow, and stone loach were caught with the traps at the 
concrete bypass and the artificial stream, although some- 
times their numbers were very small, e.g. 1 bullhead at site I 
and 1 stone loach at site II. None of these three species were 
ever found inside the trap at the step and pool fishway. At site 
II and III, 13 and 8, respectively, European perch were 
caught with the traps, which made up more than half of the 
total catch of this species. Although abundantly present 
downstream of all three fishways, brown trout (Salmo trutta) 
and European minnow (Phoxinus phoxinus) were only 
caught in the trap at site I. Together with 438 gudgeons, the 
341 European minnows constituted more than 90% of all 
fish trapped at this site (Figs. 6 and 7). Based on these catch- 
es, gudgeon and, more so, European minnow migrated over 
relatively short periods of time, but when they did, up to 100 
fish per day passed the fishway (Fig. 7). 
According to the length-frequency distribution of the trap- 
caught individuals, no YOY fish, with the exception of a 
single 5.3 cm long barbel caught in mid August at site I 
(Table 3), swam through the upstream exit of either fishway, 
at least not during the respective trapping periods. As a partial 
consequence of this pattern, the range of lengths found in 
trapped fish was always, and sometimes considerably, small- 
er than the length range of individuals from the same species 
captured just below or inside a fishway (Fig. 8). Furthermore, 
in the trapped fish, one or two size-classes dominated the 
size-frequency distribution, and these two classes usually 
corresponded to the 'average' adult size of a species (Fig. 8). 
In contrast, the conspecifics of trapped fish that were caught 
outside of the fishway, showed a more even distribution of 
length classes, which often approached a normal distribution 
around the 'average' adult size (Fig. 8). 
Of the 3554 fish >5 cm caught by electrofishing or net 
sampling, 772 had previously been marked and had been re- 
leased downstream of the fishways at site I (n = 273) and site 
II (n = 499). In addition, 226 (site I) and 38 fish (site II) 
caught with traps had been specifically marked and were re- 
leased just below the fishway entrance. None of these previ- 
ously trapped fish were ever recaptured. Of the other marked 
fish released ownstream of the fishway at site 1, only five 
(1.8%; 3 chubs, 1 rainbow trout, and 1 brown trout) were re- 
captured in the 2%-slope section of the concrete channel. Of 
these, one specimen each of chub, rainbow trout, and brown 
trout were caught in May only three days after the initial cap- 
ture. In partial contrast to the recapture rates at site I, 45 (9%) 
of the 499 marked fish at site II, were recaptured. Of these, 
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Fig. 8. Comparison of size-frequency distributions of European 
minnow and stone loach caught in July and August 1995 by elec- 
trofishing (E-Fishing) just below or inside the fishway at site I and 
inside the traps (Trap) at the upstream exit of the fishway. 
39 fish were caught by electrofishing inside the artificial 
stream. In addition, 2 bullheads, 1 chub, and 1 barbel were 
recaptured inside the traps. The two bullheads had been 
marked 82 days earlier and were released approximately 
10 m downstream of the fishway. Overall, relatively high re- 
capture rates were recorded for brown trout (5 of 11 marked) 
and barbel (23 of 122), whereas only 8 of 267 marked stone 
loach were caught again. However, next to the two bull- 
heads, the median time until recapture (25 days, maximum 
127 days) was the highest for this species. Brown trout had 
the same median value as stone loach, but the longest ime 
until recapture was less (103 days). Barbels were recaptured 
after only 2-27 days. 
Discussion 
With the exception of the nase (Chondrostoma n sus), among 
the 28 fish species recorded in this study we found the full 
complement oftaxa to be expected for this section of the Enz. 
Between Pforzheim and its confluence with the Neckar 
River, the Enz is transitional between the grayling and barbel 
zones of HUET (1959). Despite recent stocking efforts by 
local angling clubs, the nase has not been reported from the 
Enz River for many decades (BER~ et al. 1989). However, it 
can be assumed that, similar to most other comparable rivers 
(KAPPUS et al. 1997), the nase once was one of the most abun- 
dant species. From a conservation standpoint, he frequent 
findings of substantial numbers of the riffle minnow, includ- 
ing many hundred YOY fish at site I, and the presence of the 
soufie (Leuciscus souffia gassizi) s of considerable impor- 
tance. Both species have been classified as 'strongly endan- 
gered' for the state of Baden-W~Jrttemberg (HOFFMANN et al. 
1995), and, although both species have been reported from 
the Enz in recent years, those were mainly individual finds 
(BERG et al. 1989; STEINECK & SCHC)FFEL 1994). 
Apart from this larger scale view of community composi- 
tion, we found pronounced changes in species distribution 
and abundances along the lower Enz River. For example, 
bullhead and grayling showed a strong pattern of declining 
abundances downstream and were not found near the mouth 
of the river. However intriguing, it is difficult to explain this 
distribution pattern with zonal distribution patterns (HuET 
1959), or from the physical habitat requirements of bullhead 
and grayling. Although the bullhead is commonly described 
as a typical species of the trout zone, preferring well oxy- 
genated, cool, clean, and rapidly flowing water at shallow 
depth and rocky substrate (HuET 1959; LELEK 1987), this 
species is obviously considerably more plastic with regard to 
substrate conditions and water quality (KoHI~ER et al. 1993; 
JANSEN et al., in press). One possible reason for the zero cap- 
tures of bullhead and grayling at site III is the lower sam- 
pling effort compared to sites I and II, i.e. 2 versus 5 elec- 
trofishings. Perhaps more importantly, our sampling sites 
downstream of the weir and fishway were located in the nat- 
ural river bed. During low flow conditions, the bed receives 
less than 1/10 of the river's discharge which is perhaps not 
enough to stimulate grayling to move into this river section 
and to remain there. 
With 6.5%, the proportion of marked fish that were recap- 
tured in this study falls within the range of 1.8-12.0% report- 
ed by STEINMANN et al. (1937) for similar sized and larger 
rivers. Interestingly, none of the more than 300 fish marked 
and released after their initial capture inside a trap were ever 
recaptured. From the results of laboratory studies, there seem 
to be no ill effects on fish survival and growth from alcian 
blue injections (HILL & CROSSMANN 1987). However, to our 
knowledge, there are no field data to support his view and 
information on possible effects on migratory behaviour are 
also lacking. Therefore, the possibility must be considered 
that subcutaneous injection, or any other technique that re- 
quires handling and some degree of injury, causes ufficient 
metabolic stress to reduce individual upstream igratory ac- 
tivity for prolonged periods. This at least in those cases were 
the migration through afishpass approaches a fish's physical 
limits. Severity of exercise differs with fishway design 
(SCHWALME et al. 1985), and perhaps the concrete bypass at 
site I is very challenging. In a parallel study on an in-stream 
boulder amp, we recaptured considerable numbers of previ- 
ously alcian-marked fish with upstream traps, and some indi- 
viduals ascended this fishway twice within a few days and 
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after receiving a second mark (KAPPUS et al. 1996). Howev- 
er, these fish did not have to locate the entry of a fishway, 
which could have been a problem on the Enz River. Particu- 
larly at site I, the water exiting the flshway provided little at- 
tractant current downstream, whereas the turbine canal on 
the opposite river bank connected well with the main river 
current. A strong and well located attractant current is known 
to be an important feature for adequate guidance into fish- 
ways (BRUSCHEK 1953; SCHMUTZ et al. 1995). The less than 
optimal conditions at site I certainly contributed to the low 
recapture rates of marked fish, and must have also led to an 
overall reduced efficiency of this fishpass. 
The pronounced ifferences in the abundance and size 
distribution of many of the dominant species downstream of 
a fishway compared to the fishway itself and to the trap 
catches at all sites, indicate species (and size) specific differ- 
ences in the effectiveness of the respective fishway designs 
for fish passage. Although our traps were not suitable for 
catching fish smaller than 40 mm quantitatively, the com- 
plete lack and the very small numbers of YOY fish caught 
from within and at the upstream exit of the fishways at site I 
and III, respectively, suggests that this age group is unable to 
ascend these fishways uccessfully. Also possible, YOY fish 
generally remain near their low-current feeding habitats 
below the weirs. Little is know about spacial and temporal 
migration patterns of juveniles of riverine species. However, 
SCHMUTZ et al. (1995) have clearly shown that of the species 
relevant in this study, juveniles of perch, dace, gudgeon, 
bleak and roach may contribute substantially to the yearly 
catches upstream of fishways. Thus, it can be assumed that, 
at least for the step and pool fishway, most YOY and adults 
of some species were unable to pass this structure success- 
fully. Under normal operating conditions, we measured min- 
imal current speeds of >0.6 m • s -1 in the step and pool fish- 
way. From flume experiments, STAnLBERG & PECKMAN 
(1986) have calculated critical swimming speeds for some 
forage fish, including adult stone loach and gudgeon, at 
0.55 m • s -a. Although gudgeon were abundant downstream, 
only four individuals were ever caught inside the fishway or 
with the trap at site III. At the same time, gudgeons were cap- 
tured in large numbers inside the trap at the concrete bypass 
channel (site I), suggesting that this species was actually mi- 
grating during this time period. Again, the size spectrum of 
the trap caught gudgeons (and minnows and stone loach) 
was strongly biased towards the larger size classes compared 
to the specimen captured ownstream of the fishway. These 
results indirectly support he argument that also for this type 
of fishway, passage of juveniles may have been difficult. 
Furthermore, the marked differences in relative fish abun- 
dance between downstream locations and inside the fishway 
itself, and in the relative numerical composition of the trap 
catch at site I, clearly demonstrate hat some species (bull- 
head, stone loach, chub, brown trout, and rainbow trout) use 
this fishways as a habitat, whereas others (minnow and gud- 
geon) simply migrate through in relatively short time. 
Although the artificial stream at site II had been in full op- 
eration just a couple of weeks prior to our first electrofishing 
in early March, 5 of the 9 most abundant species found at this 
site were already present inside this nature-like designed 
fishway. Four month later, at our first electrofishing after the 
improvements o fishway design, the remaining 4 species 
were also found inside the artificial stream. Contrary to the 
other two fishways, we found early life stages of at least 
seven species inside the artificial stream. Most of these YOY 
fish were captured from sheltered shore areas within a larger 
pool. The importance of resting areas and shelter for the suc- 
cessful passage of fishways is well known (JuNGW~RTn & PE- 
LIKAN 1989; SCnMUTZ et al. 1995), and their presence n- 
ables smaller sized species or juvenile fish to pass fishways 
which average current velocities largely exceed the respec- 
tive sustainable swimming speeds (ScnwALME et al. 1985). 
Since the artificial stream seemed to be the only fishway to 
allow a quantitative passage of YOY fish, our results rein- 
force this view and argue for more natural designs of fish- 
ways, if the preferred solution of avoiding a barrier altogeth- 
er are not feasible. 
As recently proposed by EBERSTALLER & GUMPINGER 
(1997), the design of nature-like fishways should not be 
schematic, but must allow some flexibility. The improved 
performance ofthe artificial stream after relatively minor, but 
obviously important changes in the placement of boulders at 
the fishway entrance also suggests, that the continued opti- 
mization of fishway design beyond the initial completion of 
the construction can be a crucial detail for fishway perfor- 
mance. Compared to the other types of fishways examined in 
the present study, the major advantage of a fishpass designed 
to resemble a natural tributary of the main stream is its vari- 
able slope and profile, and thus the relatively large range in 
water depths and current speeds (BOHMER et al. 1996). The 
relatively stable and structurally diverse bottom and shoreline 
substrates further add to flow variability and provide shel- 
tered areas for weaker swimmers. The importance of a stable 
bottom substrate is also demonstrated by the pronounced 
changes in fish species composition and densities below and 
above the washed-out section of the concrete channel. Pro- 
vided that additional conditions as, for example, astrong and 
well directed attractant current (BRUSCHEK 1953; SCHMUTZ et 
al. 1995), the location of the fishway entrance close to the 
barrier (JuNGWIRTH • PELIKAN 1989; EBERSTALLER & 
GUMPINGER 1997), and a water flow through the fishway that 
ideally fluctuates in some relation to river discharge (EBER- 
STALLER ~¢ GUMPINGER 1997) are being met, nature-like de- 
signed fishways will largely allow the quantitative passage of 
all fish species and age classes present in a river. 
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